T h i s p a p e r i s c o n c e r n e d w i t h some a s p e c t s o f s t o c h a s t i c
modeling i n hydrology which a r e o f fundamental i m p o r t a n c e f o r p l a n n i n g , d e s i g n , and o p e r a t i o n o f w a t e r r e s o u r c e s s y s t e m s .
The Author p o i n t s o u t t h a t i n s p i t e o f t h e r i c h growth o f s t o c h a s t i c modeling i n t h i s f i e l d t h a t h a s o c c u r r e d i n t h e l a s t d e c a d e , t h e emphasis i s s t i l l more o n t h e p r o b a b i l i s t i c model t h a n o n t h e l ' s t a t i s t i c a l q u e s t i o n s t o which t h e model g i v e s r i s e " . The a d d i t i o n a l r e s e a r c h n e e d s a r e s t r e s s e d .
J a n u s z K i n d l e r R e g i o n a l Water Management Task Leader 
Hydrology i s , e v i d e n t l y , t o d o w i t h w a t e r . A m p l i f i c a t i o n o f t h a t t r i t e remark r e v e a l s a s c i e n c e o f d a u n t i n g s c o p e .
A c c o r d i n g t o o n e o f t h e s t a n d a r d d e f i n i t i o n s [Ad Hoc P a n e l on Hydrology ( 1 9 6 2 ) 1 ,
"Hydrology i s t h e s c i e n c e t h a t t r e a t s t h e w a t e r s o f t h e E a r t h , t h e i r o c c u r r e n c e , c i r c u l a t i o n , and d i s t r i b u t i o n , t h e i r c h e m i c a l and p h y s i c a l p r o p e r t i e s , and t h e i r r e a c t i o n w i t h t h e i r e n v i r o n m e n t , . . . " A n o t h e r d e f i n i t i o n [ W i n s l e r and B r a t o r ( 1 9 5 9 ) l s e t s o u t t h e s u b j e c t a s "... t h e s c i e n c e t h a t d e a l s w i t h t h e p r o c e s s e s g o v e r n i n g t h e d e p l e t i o n and r e p l e n i s hment o f w a t e r r e s o u r c e s o f t h e l a n d a r e a s o f t h e e a r t h . I t i s c o n c e r n e d w i t h t h e t r a n s p o r t a t i o n o f w a t e r t h r o u g h t h e a i r , o v e r t h e ground s u r f a c e , and t h r o u g h t h e s t r a t a o f t h e e a r t h . "

It. i s a s u b j e c t w i t h a r e s p e c t a b l e h i s t o r y , d a t i n g back a t l e a s t 3700 y e a r s t o t h e i r r i g a t i o n problems o f Hamrnurabi's Babylon [Neumann ( 1 9 8 0 ) l . While c e r t a i n f a c e t s o f h y d r o l o g y a r e s t i l l m a i n l y d e s c r i p t i v e , o t h e r s h a v e d e v e l o p e d a c o n s i d e r a b l e t e c h n o l o g y .
The ( s t i l l l a r g e ) e m p i r i c a l c o n t e n t i s b e i n g f e r t i l i z e d by t h e o v e r l a p s t h a t have come i n t o b e i n g w i t h p h y s i c s , c h e m i s t r y and h y d r a u l i c s .
During t h e p a s t t h r e e d e c a d e s t h e whole a r e a h a s i n c r e a s i n g l y b e e n s ' u b j e c t e d t o t h e o r e t i c a l and m a t h e m a t i c a l t r e a t m e n t s o f o n e s o r t o r a n o t h e r .
Hydrology h a s enormous and o b v i o u s l y p r a c t i c a l i m p o r t a n c e t o mankind, i n t h e s u p p l y o f w a t e r f o r d o m e s t i c , i n d u s t r i a l and a g r i c u l t u r a l u s e s , a s w e l l a s f o r power g e n e r a t i o n , f o r t h e a l l e v i a t i o n o f t h e e f f e c t s o f f l o o d s and d r o u g h t s , f o r r i v e r n a v i g a t i o n , e t c . I t i s a v e r y l a r g e employer o f t e c h n i c a l l y q u a l i f i e d manpower, p a r t i c u l a r l y o f t h o s e w i t h a c i v i l e n g i n e e r i n g background, and i s r e l a t e d t o huge c a p i t a l o u t l a y s f o r t h e cons t r u c t i o n o f dams, r e s e r v o i r s , w e i r s , a q u a d u c t s , l e v e e s , and s o on.
A l l advanced c o u n t r i e s h a v e s c i e n t i f i c and p r o f e s s i o n a l h y d r o l o g i c a l o r g a n i z a t i o n s , and t h e r e a r e many i n t e r n a t i o n a l o r g a n i z a t i o n s a s w e l l . Of t h e s e , t h e o n e most r e l e v a n t
t o t h i s a r t i c l e i s t h e I n t e r n a t i o n a l A s s o c i a t i o n o f S c i e n t i f i c Hydrology (IASH) . The p r i n c i p a l p e r i o d i c a l s which p u b l i s h (among o t h e r p a p e r s ) work o f a s t o c h a s t i c n a t u r e a r e t h e IASH B u l l e t i n , t h e
J o u r n a l o f Hydrology, Water R e s o u r c e s R e s e a r c h , and Advances i n --
Hvdrolosv.
To o b t a i n a r a p i d view o f what p r o f e s s i o n a l h y d r o l o g i s t s c u r r e n t l y r e g a r d a s s t a n d a r d equipment, a n e x a m i n a t i o n i s recommended o f t h e c h a p t e r h e a d i n g s i n t h e "Handbook o f A p p l i e d ' 2 .
THE STOCHASTIC NATURE O F HYDROLOGY I t i s , no d o u b t , t o t h e s t o c h a s t i c n a t u r e o f r a i n f a l l t h a t
t h e w e a t h e r owes i t s p o p u l a r i t y a s a s u b j e c t f o r c o n v e r s a t i o n , and t h i s h i g h d e g r e e o f a p p a r e n t l y random v a r i a b i l i t y i s s h a r e d by a l l a s p e c t s o f t h e h y d r o l o g i s t ' s a r t .
T h i s was o b v i o u s t o most h y d r o l o g i s t s from t h e s t a r t -n o t ,
a d m i t t e d l y t o q u i t e a l l : t h e r e were some who were r e l u c t a n t t o a d m i t t h e i d e a o f c h a n c e e v e n t s -but t h e c o m p l e x i t y o f t h e phenomena m i l i t a t e d a g a i n s t t h e e a r l y a d o p t i o n o f s t a t i s t i c a l methods i n t o p r o f e s s i o n a l p r a c t i c e .
I n a d d i t i o n ( a n d t h i s i s t h e f e a t u r e t h a t most p r o f o u n d l y i m p r e s s e s i t s e l f o n t h e newcomer t o h y d r o l o g y ) t h e r e i s a w i d e s p r e a d p a u c i t y of d a t a . A l l b u t t h e most t r i v i a l problems a r e c o n c e r n e d w i t h m u l t i v a r i a t e s p a t i o -t e m p o r a l v a r i a b l e s , and t h e a v a i l a b l e time-series d a t a
u s u a l l y c o n s i s t o f s h o r t r u n s o n l y : a 40-year r e c o r d o f r i v e r flow i s a good d e a l more t h a n o n e c a n u s u a l l y hope f o r , and 40 y e a r s i s a v e r y s h o r t t i m e i n t h e g e o p h y s i c a l w o r l d . Not o n l y t h i s , b u t t h e d a t a t h e m s e l v e s a r e o f t e n u n r e l i a b l e . U n t i l r e c e n t l y t h e o n l y f l o w i n f o r m a t i o n r e l a t e d t o t h e " s t a g e " o f t h e r i v e r a t t h e o b s e r v a t i o n p o i n t , i . e . t h e h e i g h t o f t h e r i v e r s u r f a c e above a g i v e n r e f e r e n c e l e v e l .
T o c o n v e r t s t a g e i n t o flow r a t e s , o n e n e e d s a c a l i b r a t i o n t h a t d e p e n d s o n t h e c r o s ss e c t i o n o f t h e c h a n n e l i t s e l f a f l u c t u a t i n g and i l l -r e c o r d e d e n t i t y .
(When t h e p r e s e n t a u t h o r f i r s t l e c t u r e d o n s t a t i s t i c a l methods t o a n a u d i e n c e o f h y d r o l o g i s t s h e r e f e r r e d t o t h e t e l e m e t e r i n g network what h e n a i v e l y assumed t o e x i s t , a u t o m a t i c a l l y f l a s h i n g a c o n t i n u o u s r e c o r d o f f l o w r a t e s t o a c e n t r a l r e c o r d e r . He was g r e e t e d w i t h c o a r s e l a u g h t e r . )
When o n e a d d s t o t h e above t h e i n f o r m a t i o n t h a t i t i s o f t e n
t h e worst-documented a s p e c t s o f t h e i r i n a d e q u a t e d a t a r u n s t h a t c h i e f l y c o n c e r n h y d r o l o g i s t s ( t y p i c a l l y t h e t a i l o f a d i s t r i b ut i o n ) t h e t o t a l p i c t u r e t h a t emerges i s somewhat sombre.
To g i v e a s i m p l e example, t h e a n n u a l H y d r o l o g i s t s s p e a k i n t e r m s o f t h e "n-year f l o o d . " T h a t i s t h e flow xo whose r e c u r r e n c e t i m e Tn h a s e x p e c t a t i o n l / n . What hope h a s o n e o f e s t i m a t i n g t h e 100-year flood from a 40-year r e c o r d ?
L e s s h o p e l e s s l y , what i s t h e d i s t r i b u t i o n o f Tn?
The l a t t e r i s a n i m p o r t a n t q u e s t i o n s i n c e , i f c i v i l e n g i n e e r i n g works a r e t o b e i n s t a l l e d , d e s i g n e d t o w i t h s t a n d , s a y , t h e 20-year f l o o d , t h e c h a n c e o f t h e i r b e i n g o v e r t o p p e d i n a g i v e n y e a r i s a m a t t e r of h i g h socio-economic (and p o s s i b l y l e g a l ) i n t e r e s t . The c o m p u t a t i o n w i l l i n v o l v e a s s u m p t i o n s a b o u t t h e form o f F, p a r t i c u l a r l y i t s upper t a i l , a s w e l l a s t h e a u t o c o r r e l a t i o n s t r u c t u r e and t h e l o c a l s t a t i o n a r i t y o r o t h e r w i s e o f t h e t i m e series o f a n n u a l f l o w s . P u r e s t a t i s t i c a l q u e s t i o n s become confounded w i t h m a t t e r s o f judgement and guesswork t o which t h e model may w e l l be q u i t e s e n s i t i v e .
T h a t h y d r o l o g i s t s ' p r e o c c u p a t i o n w i t h s t r e a m -f l o w d i s t r i b ut i o n s i s l o n g -s t a n d i n g and c o n t i n u i n g , may b e v e r i f i e d by examining some o f t h e s t a n d a r d books [ e . g . F i e r i n g ( 1 9 6 7 ) l and t h e c o n t e n t s o f r e c e n t i s s u e s o f t h e s t a n d a r Hydrology" r e f e r r e d t o e a r l i e r [Ven Te Chow ( 1 9 6 4 ) 1 , f o r e x a m p l e , p r e s e n t s a n i m p l i e d d e s c r i p t i o n o f t h e a c c e p t e d s t a t e -o f -t h ea r t i n t h e e a r l y s i x t i e s , w i t h i t s c a t a l o g u e o f s t a n d a r d p r o ba b i l i t y d i s t r i b u t i o n s a n d t h e i r l o w e r moments, i t s a c c o u n t o f e s t i m a t i o n a n d c u r v e f i t t i n g , o f r e g r e s s i o n and c o r r e l a t i o n a n a l y s i s , a n a l y s i s o f v a r i a n c e and o f c o v a r i a n c e , a n d -o f p r i m e i m p o r t a n c e t h e n a n d s i n c e t o t h e p r a c t i s i n g p r o f e s s i o n a lt i m e s e r i e s a n a l y s i s . T h i s i s c a r r i e d o u t i n t e r m s o f t r e n d s ( t a k e n c a r e o f by moving a v e r a g e s ) , s e a s o n a l and o t h e r p e r i o d i c it i e s ( h a r m o n i c a n a l y s i s ) , a n d t e s t s f o r t h e s i g n i f i c a n c e o f e s t i m a t e d c o r r e l a t i o n s . The c h a p t e r c o n t i n u e s w i t h a b r i e f a c c o u n t o f moving-average a n d a u t o r e g r e s s i v e s e q u e n c e s , and e n d s w i t h a n i n t r o d u c t i o n t o t h e s i m u l a t i o n t e c h n i q u e s t h a t w e r e s u b s e q u e n t l y t o p l a y s u c h a l a r g e p a r t i n h y d r o l o g i c r e s e a r c h .
I t m i g h t b e added t h a t t h e s t a t i s t i c a l e x p e r t i s e d i s p l a y e d had been a c h i e v e d by a b o o t -s t r a p o p e r a t i o n o n t h e p a r t o f h y d r o l o g i s t s and e n g i n e e r s , s t a t i s t i c i a n s o u t s i d e t h e p r o f e s s i o n h a v i n g -w i t h a few h o n o u r a b l e e x c e p t i o n s -shown a c u r i o u s r e l u c t a n c e t o i n t e r e s t t h e m s e l v e s i n t h e s e a p p l i c a t i o n s . 
t e a t t e m p t t o i n f o r m t h e h y d r o l o g i c a l world o f newly developed c o n c e p t s and methods. The emphasis was o n a "Systems" a p p r o a c h , i n t e g r a t i n g t e c h n o l o g y w i t h economic and s o c i a l c o s t -b
e n e f i t a n a l y s e s .
The t e c h n i q u e s propounded w e r e m a i n l y d e t e r m i n i s t i c b u t w e r e o f t e n p r e s e n t e d i n t h e ( t h e n r e l a t i v e l y n o v e l ) form o f a l g o r i t h m s , f l o w -c h a r t s and computer programs.
M a t h e m a t i c a l models i n v o l v i n g d e t e r m i n i s t i c programming p l a y e d a l a r g e p a r t . T h i s emphasis o n o p t i m i z a t i o n and s y s t e m s a n a l y s i s h a s l e d t o t h e s i t u a t i o n where contemporary p e r i o d i c a l s f r e q u e n t l y c a r r y m a t h e m a t i c a l l y s o p h i s t i c a t e d p a p e r s i n v o l v i n g , f o r example,
Kalman f i l t e r t e c h n i q u e s [ e . g . B o l z e r n , F e r r a r i o and F r o n z a (1980) 1 .
I n a d d i t i o n t o t h a t k i n d o f a p p l i e d m a t h e m a t i c s , however, t h e Maass o p u s a l s o c o n t a i n a c h a p t e r o n t h e " s y n t h e s i s "
( h y d r o l o g e s e f o r s i m u l a t i o n ) o f s t r e a m -f l o w s e q u e n c e s f o r t h e a n a l y s i s o f r i v e r b a s i n s by computer e x p e r i m e n t s t h a t marks a forward s i g n i f i c a n t s t e p o f a s t o c h a s t i c n a t u r e . A more c o n s i s t e n t l y s t o c h a s t i c v i e w p o i n t i n h y d r o l o g y was p r e s e n t e d by a n e q u a l l y i n f l u e n t i a l book o n t h e a p p l i c a t i o n o f s t o c h a s t i c p r o c e s s e s by t h e R u s s i a n w r i t e r , K a r t v e l i s h v i l i , a n E n g l i s h t r a n s l a t i o n o f which a p p e a r e d i n 1969 [ K a r t v e l i s h v i l i and e x p r e s s i n g American r e s e a r c h a c t i v i t i e s . A few y e a r s l a t e r a t r a n s l a t Kaczmarek (1977) 1 .
i o n i n t o E n g l i s h o f Kaczmarek's ( P o l i s h ) book o n s t a t i s t i c a l methods a p p e a r e d [
The more r e c e n t work o n s t o c h a s t i c h y d r o l o g y i s a v a i l a b l e o n l y i n t h e form o f d i s s e m i n a t e d r e s e a r c h p a p e r s o r i n t h e p r o c e e d i n g s o f c o n f e r e n c e s ( t o which h y d r o l o g i s t s , f o r t u n a t e l y f o r u s , a r e r a t h e r a d d i c t e d ) .
. STOCHASTIC MODELING I N HYDROLOGY I t would be i m p o s s i b l e t o d o j u s t i c e t o r e c e n t t h e o r e t i c a l work o n t h e s p a c e a v a i l a b l e h e r e , b u t t h e r e i s o n e o u t s t a n d i n g c h a r a c t e r i s t i c which must b e remarked on. T h i s i s t h e a s t o n i s h i n g l y r i c h growth o f s t o c h a s t i c m o d e l i n g t h a t h a s o c c u r r e d , t h e e m p h a s i s b e i n g more o n t h e p r o b a b i l i s t i c model t h a n o n t h e s t a t i s t i c a l q u e s t i o n s t o which t h e model g i v e s r i s e . T h i s i s n o t t o s a y t h a t t h e r e h a s n o t b e e n a c o n t i n u a t i o n o f t r a d i t i o n a l e n g i n e e r i n g methods and b r e a d -a n d -b u t t e r s t a t i s t i c s , w i t h much u s e o f r e g r e ss i o n t e c h n i q u e s , a n d a d e v e l o p m e n t o f a p p l i c a t i o n s o f more s o p h i s t i c a t e d c l a s s i c a l m u l t i v a r i a t e s t a t i s t i c s s u c h a s p r i n c i p a l
component a n a l y s i s [ s e e , e . g . Morin e t a i . , ( 1 9 7 9 ) 1 . T
h i s h e a l t h y d e v e l o p m e n t p r o c e e d s , b u t t h e new q u a l i t y o f t h e p a s t few d e c a d e s
h a s b e e n t h e m o d e l i n g m e n t i o n e d a b o v e .
To q u o t e t h e anonymous a u t h o r o f t h e I n t r o d u c t i o n t o a
r e c e n t volume o f C o n f e r e n c e P r o c e e d i n g s [ C o r i a n i , Y a r o n i and W a l l i s ( 1 9 7 7 ) l "... t h e b u i l d i n g o f models h a s o u t p a c e d t h e i r u s e i n s p e c i f i c w a t e r r e s o u r c e p l a n n i n g and management a c t i v i t i e s .
The l a g i n t h e u s e o f s p e c i f i c models may b e a t t r i b u t e d t o many f a c t o r s , among them b e i n g t h a t p l a n n e r s a n d managers a r e unaware o f r e c e n t d e v e l o p m e n t s i n m a t h e m a t i c a l models, r e l u c t a n t t o u s e more s o p h i s t i c a t e d models when s i m p l e r o n e s s e e m i n g l y s u f f i c e , o r l a c k o f u n d e r s t a n d i n g and competence i n t h e u s e o f advanced models.
On t h e o t h e r hand, model b u i l d e r s h a v e n o t always u n d e r s t o o d t h e problems f a c e d by p l a n n e r s and managers, and have n o t i n g e n e r a l c o n s t r u c t e d t h e i r models i n ways t h a t f a c i l i t a t e d e c i s i o n -m a k i n g . "
The H u r s t E f f e c t
The f l a v o u r o f t h e k i n d o f r e s e a r c h r e f e r r e d t o may p e r h a p s b e conveyed by o u t l i n i n g t h e r e c e n t h i s t o r y o f l o n g -t e r m s t r e a mf l o w i n v e s t i g a t i o n s . 1967) , and
A good s t o c h a s t i c model f o r t h e s e q u e n c e o f f l o w s a t a g i v e n l o c a t i o n i s a m a t t e r o f prime i m p o r t a n c e t o h y d r o l o g i s t s . I t i s o n t h i s model [see, f o r example, F i e r i n g (
T o d i n i ( 1 9 8 0 ) 1 t
h a t he h a s t o b a s e h i s c a l c u l a t i o n s f o r r e s e r v o i r d e s i g n , f l o o d p r e v e n t i o n , and s o o n . Of p a r t i c u l a r t e c h n i c a l
i n t e r e s t a r e n o t o n l y t h e s e a s o n a l and a n n u a l means, v a r i a n c e s and skewnesses o f t h e f l o w s , b u t a l s o t h e m a g n i t u d e s and f l u ct u a t i o n p a t t e r n s o f a n n u a l maxima and minima. The f a i l u r e o f c o n s e c u t i v e monthly f l o w s t o d i s p l a y mutual i n d e p e n d e n c e , and e v e n more i m p o r t a n t l y , t h e t e n d e n c y o f w e t y e a r s ( a n d h i g h f l o w s ) 
t o t h e p a t t e r n o f p e r s i s t e n c e a n d i t s e f f e c t s m u s t b e u t i l i z e d t o t h e f u l l i n c r e a t i n g t h e model o n w h i c h t h e ( u n a v o i d a b l e ) s i m u l a t i o n s t u d i e s
a r e t o b e b a s e d .
Such a c l u e , w h i c h c a u s e d t h e g r e a t e s t e x c i t e m e n t , was a n n o u n c e d t o t h e w o r l d i n 1951 by t h e B r i t i s h e n g i n e e r , H . E . H u r s t , a n d e l a b o r a t e d by him i n s u b s e q u e n t y e a r s [ H u r s t ( 1 9 5 1 ) ,
( 1 9 5 6 ) , ( 1 9 5 7 ) a n d ( 1 9 6 5 ) 1 . H u r s t h a d s p e n t h i s p r o f e s s i o n a l l i f e i n E g y p t , i n c h a r g e o f s t u d i e s o f t h e N i l e .
I t was f r o m t h i s work t h a t t h e " H u r s t e f f e c t " was d i s c o v e r e d , b u t H u r s t w e n t o n t o show i t t o b e a f e a t u r e o f m o s t r i v e r s ( a n d , i n d e e d , o f many o t h e r g e o p h y s i c a l t i m e s e r i e s ) .
To u n d e r s t a n d w h a t t h e H u r s t e f f e c t i s , i m a g i n e a n a r b i t r a r i l y l a r g e r e s e r v o i r o f r e c t a n g u l a r s e c t i o n , whose i n i t i a l c o n t e n t s d e f i n e a c o n v e n t i o n a l z e r o l e v e l . A n n u a l i n f l o w s x I , x 2 t . . . , x i n t h e a b s e n c e o f a n y w i t h d r a w a l , would b r i n g t h e w a t e r n ' n --c o n t e n t a f t e r n y e a r s t o a l e v e l s n = ;xr -n x n . A c o n s t a n t a n n u a l w i t h d r a w a l r a t e o v e r t h e n y e a r s , o f m a g n i t u d e zn, would l e a v e t h e s y s t e m a t t h e same l e v e l . a t w h i c h it s t a r t e d , ( T h i s s i m p l e b u t p o w e r f u l c o n c e p t i s d u e t o a n A u s t r i a n e n g i n e e r a p p r o p r i a t e l y named R i p p l [ R i p p l ( 1 8 8 3 ) ] . ) I n t h e j -t h y e a r , * j = 1 . n t h e q u a n t i t y S = sn j j 3 j x n ( w h e r e s = 2 x r ) j 1 r e p r e s e n t s t h e h e i g h t o f t h e w a t e r l e v e l a b o v e ( i f p o s i t i v e ) o r below ( i f n e g a t i v e ) t h e c o n v e n t i o n a l z e r o mark. C o n s e q u e n t l y t h e m a g n i t u d e o f r e p r e s e n t s t h e l o w e s t h e i g h t o f t h e r e s e r v o i r w a l l s c o n s i s t e n t w i t h t h e r e b e i n g no o v e r f l o w d u r i n g t h e n -y e a r p e r i o d , a n d t h e l e a s t r e q u i r e d d e p t h b e l o w t h e c o n v e n t i o n a l o r i g i n c o n s i s t e n t w i t h t h e m a i n t e n a n c e o f t h e d e s i r e d a n n u a l w i t h d r a w a l r a t e .
The H u r s t r a n g e A l t h o u g h t h i s q u a n t i t y a r i s e s i n a n a t u r a l way i n c o n n e c t i o n * * w i t h r e s e r v o i r d e s i g n , t h e s a m p l i n g d i s t r i b u t i o n o f rn , a s a f u n c t i o n o f t h e t i m e d u r a t i o n n , i s of more g e n e r a l i n t e r e s t .
* * * * D e n o t i n g b y Rn t h e random v a r i a b l e o f w h i c h rn i s a r e a l i z at i o n , H u r s t ' s e m p i r i c a l l a w may b e i n t e r p r e t e d a s s t a t i n g t h a t n < c a , 1000, w h e r e t h e " H u r s t e x p o n e n t " h i s a c o n s t a n t whose v a l u e i s about. 0 . 7 3 . E l e m e n t a r y models (see b e l o w ) would s u g g e s t a l a w o f t h e f o r m I I "~, a n d i t i s t h e f a c t t h a t h # 1/2 t h a t c o n s t i t u t e s t h e H u r s t e f f e c t . (The p o s s i b l y m y s t e r i o u s 1000 i n t h e a b o v e f o r m u l a r e f e r s t o t h e f a c t t h a t H u r s t ' s l o n g e s t d a t a r u n , q i v i n g t h e h i s t o r y o f t h e N i l e i s a b o u t 1000 y e a r s l o n g . )
The H u r s t e x p o n e n t was t a k e n t o b e a s i g n i f i c a n t c h a r a c - M a t h e m a t i c i a n s w e r e a t t r a c t e d . D i f f i c u l t i e s c o n s e q u e n t o n t h e a p p a r e n t m a t h e m a t i c a l i n t r a c t F e l l e r deemed e x p r e s s i o n s f o r t h e a s y m p t 0 t . i~ e x p e c t a t i o n o f t h e " c r u d e H u r s t r a n g e " R n r d e f i n e d a s * a n d o f t h e " u n r e s c a l e d " a d j u s t e d r a n g e R n , a f t e r r e p l a c i n g t h e i n p u t s e q u e n c e I X 1 by a n . T h i s work p u t p a i d t o a n y l i n g e r i n g i d e a s t h a t i n d e p e n d e n t 
Normal summands would d i s p l a y H u r s t -l i k e b e h a v i o u r . C o u l d t h e e x p l a n a t i o n o f t h e H u r s t e f f e c t l i e i n t h e s h a p e o f t h e d i s t r i b ut i o n o f t h e summands? I n p r i n c i p l e , y e s . Moran ( 1 9 6 4 ) p o i n t e d o u t t h a t , f o r t h e c r u d e r a n g e a t l e a s t , H u r s t -l i k e b e h a v i o u r would be d i s p l a y e d by i n d e p e n d e n t summands h a v i n g a s t a b l e d i s t r i b u t i o n . ( T h i s p r o p e r t y d e p e n d s o n t h e r e s u l t t h a t i f , f o r e x a m p l e , t h e summands Xr a r e i n d e p e n d e n t l y d i s t r i b u t e d i n k t h e s y m m e t r i c a l s t a b l e f o r m w i t h i n d e x y , t h e sum Sk
. , t h e same d i s t r i b u t i o n a s k a s i , w i t h a = l / y , so t h a t t h e d i s t r i b u t i o n o f k -d~k i s i n d e p e n d e n t o f k . ) The e x t e n s i o n o f t h i s H u r s t -l i k e b e h a v i o u r t o t h e a d j u s t e d r a n g e was e s t a b l i s h e d by Boes a n d S a l a s -L a Cruz ( 1 9 7 3 ) . I n t e r e s t i n g t h o u g h t h i s w a s , it d i d n o t p e r s u a d e h y d r o l o g i s t s t h a t t h e y o u g h t t o model t h e i r f l o w s i n terms o f s t a b l e v a r i a b l e s .
Moran ( 1 9 6 4 ) had p o i n t e d o u t t h a t gamma v a r i a b l e s o f s u f f i c i e n t l y h i g h s k e w n e s s would h a v e t o some d e g r e e t h e h e a v y -t a i l p r o p e r t y t o which t h e H u r s t -l i k e b e h a v i o u r o f t h e s t a b l e s seemed i n t u it i v e l y t o b e a t t r i b u t a b l e and c o u l d b e e x p e c t e d t o e x h i b i t t h e H u r s t -e f f e c t o v e r a n a c c e p t a b l y l o n g p r e -a s y m p t o t i c i n t e r v a l , b u t t h e d e g r e e o f s k e w n e s s r e q u i r e d t u r n e d o u t t o b e u n r e a l i st i c a l l y h i g h [ A n i s and L l o y d (1975) ] .
So o n e t u r n s t o t h e a u t o c o r r e l a t i o n s t r u c t u r e . A t t h i s
p o i n t a n e l e m e n t o f f a n t a s y e n t e r s t h e s t o r y .
M a n d e l b r o t (1965) i n t r o d u c e d a b r i l l i a n t l y c o n s t r u c t e d G a u s s i a n p r o c e s s t h a t e x h i b i t e d t h e H u r s t e f f e c t , t h e s o -c a l l e d " f r a c t i o n a l G a u s s i a n n o i s e . " T h i s i s a c o n t i n u o u s -t i m e p r o c e s s S ( t ) which h a s t h e " s e l f -s i m i l a r " p r o p e r t y t h a t , f o r s p e c i f i e d a , 0 < a -< 1/2, t h e p r o c e s s t-"S ( a t ) i s t i m e -i n d e p e n d e n t . (Compare t h e S t a b l e s . ) I n t h i s s e n s e t h e Brownian movement B ( t ) i s s e l f -s i m i l a r w i t h
p a r a m e t e r a = 1 / 2 : f o r B ( a t ) i s Normal ( 0 , a t ) , whence ( a t ) -1 / 2~ ( a t ) i s Normal ( 0 , 1 ) , and s o i n d e p e n d e n t o f t , w i t h e x p o n e n t a = 1 / 2 . M a n d e l b r o t ' s p r o c e s s h a s t h e a d v a n t a g e o f p o s s e s s i n g t h i s p r o p e r t y f o r a r b i t r a r y a , 0 < a -< = 1/2, f o r a r b i t r a r i l y l a r g e v a l u e s o f t .
E x p l i c i t l y t h i s p r o c e s s , B k ( t ) , s a y , i s d e f i n e d a s a n a d d i t i v e o n e w i t h i n d e p e n d e n t i n c r e m e n t s g i v e n by T h i s may b e r e g a r d e d a s h a v i n g been d e r i v e d b y t h e u s u a l l i m i t i n g p r o c e s s from a d i s c r e t e moving a v e r a q e scheme. I t i s a mathem a t i c a l e n t i t y o f t h e h i g h e s t i n t e r e s t , b u t , a s was remarked by t h e p r e s e n t a u t h o r [Lloyd ( 1 9 7 4 ) l " a s a n a l g o r i t h m f o r c o m p u t i n g r e a l i z a t i o n s o f H u r s t -l i k e s e q u e n c e s t h i s p r o c e s s h a s t h e s e r i o u s d i s a d v a n t a g e ( a c o n s e q u e n c e o f i t s slow c o n v e r g e n c e ) o f r e q u i r i n g e x t r e m e l y l a r g e computer c a p a c i t y .... T h e r e a r e t h o s e i n t h e h y d r o l o g i c a l w o r l d who p r o f e s s t o f i n d d i f f i c u l t i e s i n v i s u a l i z i n g a p h y s i c a l p r o c e s s t h a t c o u l d i n f a c t p l a u s i b l y b e d e s c r i b e d a s f r a c t i o n a l G a u s s i a n , and from t h i s f a c t a c e r t a i n amount o f c o n t r o v e r s y h a s a r i s e n . " M a n d e l b r o t and W a l l i s ( 1 9 6 9 ) a s c r i b e t h e H u r s t -l i k e b e h a v i o u r o f t h e p r o c e s s t o i t s " l o n g memory",
and t h e e l e m e n t o f f a n t a s y r e f e r r e d t o e a r l i e r l i e s ( i n t h e w r i t e r ' s o p i n i o n ) i n t h e b e l i e f t h a t r e m o t e l y d i s t a n t r e a l i z at i o n s o f a g e o p h y s i c a l t i m e s e r i e s c o u l d p e r c e p t a b l y i n f l u e n c e i t s p r e s e n t f l u c t u a t i o n s .
T r u l y amazing q u a n t i t i e s o f computer t i m e have b e e n d e v o t e d t o t h i s p r o c e s s and a p p r o x i m a t i o n s t h e r e t o [ e -g . M a n d e l b r o t and
W a l l i s ( 1 9 6 9 ) 1 , i t s r e l a t i o n t o r e a l i s t i c h y d r o l o g y becoming a l i t t l e d i f f u s e . 
I t i s presumably t h i s k i n d o f d e h y d r a t e d hydrology t h a t h a s i n d u c e d r e s p e c t e d p i o n e e r s o f s t o c h a s t i c hydrology t o v o i c e t h e i r d i s q u i e t a t what t
. f l o w s y n t h e s i s and s y s t e m s s i m u l a t i o n have become common m e t h o d o l o g i e s i n w a t e r -r e s o u r c e d e s i g n . N e i t h e r i s used t o g e n e r a l i z e r e s u l t s b u t r a t h e r t o make h i g h l y s p e c i f i c e s t i m a t e s
o f s y s t e m p e r f o r m a n c e when a l t e r n a t i v e s y s t e m s a r e d e f i n e d and t e s t e d .
... B u t it i s well-known t h a t d a t a i s n o t a v a i l a b l e a t p r e c i s e l y t h e l o c a t i o n s where t h e s i m u l a t i o n n e e d s t o t e s t s y s t e m performance.
Thus it must b e t r a n s f e r r e d ... from gauged t o ungauged l o c a t i o n s ...
." H e g o e s o n t o p o i n t o u t t h a t t h e model e r r o r a s s o c i a t e d w i t h t h e t r a n s f e r o f i n f o r m a t i o n t o ungauged s i t e s i s o f t e n s o g r e a t a s t o c a s t s e v e r e d o u b t on t h e v a l i d i t y o f t h e r e s u l t s , which t e n d n e v e r t h e l e s s t o b e
u n c r i t i c a l l y c a l c u l a t e d t o s e v e r a l s i g n i f i c a n t f i g u r e s . R e a l i s t i c e n g i n e e r s h a v e s i n c e d e v e l o p e d s i m p l e ARMA models f o r g e n e r a t i n g s e q u e n c e s h a v i n g H u r s t -l i k e b e h a v i o u r [ O ' C o n n e l l (1971) 1 .
The l i k e l y p h y s i c a l e x p l a n a t i o n o f t h e H u r s t e f f e c t i s now however t h o u g h t t o l i e i n t h e u n a v o i d a b l e h e t e r o g e n e i t y imposed on h i s t o r i c a l d a t a by o c c a s i o n a l s h i f t s o f o r i g i n ( a s must c e r t a i n l y have o c c u r r e d d u r i n g t h e 1000-years o f t h e N i l o m e t e r r e c o r d ) o r d i s p l a c e m e n t s o f t h e m e a s u r i n g equipment ( a s i n o c c a s i o n a l r e d e s i g n i n g o f r a i n -g a u g e n e t w o r k s ) .
Such an e x p l a n a t i o n i s c o n s i s t e n t w i t h H u r s t ' s own s u g g e s t e d model
[ H u r s t ( 1 9 5 7 ) ] , which v i s u a l i z e s a p r o c e s s i n which t h e summands a r e i n d e p e n d e n t l
y d i s t r i b u t e d a b o u t a mean which i s i t s e l f s u b j e c t e d t o jumps o f random m a g n i t u d e s a t random t i m e s .
T h i s h a s b e e n shown by e x t e n d e d computer e x p e r i m e n t s by Klemes (1974) and o t h e r s t o h a v e t h e r e q u i r e d p r o p e r t i e s .
[ F o r a r e c e n t r e v i e w , see Boes and S a l a s ( 1 9 7 1 9 7 0 ) 
) . ] A n a l y s i s o f s u c h m e t e o r o l o g i c a l t i m e s e r i e s showing pronounced H u r s t -l i k e b e h a v i o u r h a s r e c e n t l y shown t h a t t h e r e l e v a n t d a t a were i n d e e d c o n t a m i n a t e d i n t h i s way [ P o t t e r (
i d o n t h e w i l d e r f l i g h t s o f s t o c h a s t i c
f a n c y .
. 2 Short-Term Run-Off Models
Of e q u a l i m p o r t a n c e w i t h t h e l o n g -t e r m p a t t e r n o f a n n u a l ,
s e a s o n a l o r m o n t h l y f l o w s i s t h e p r o b l e m o f p r e d i c t i n g t h e i m m e d i a t e and s h o r t -t e r m r u n -o f f g e n e r a t e d by a s i n g l e r a i ns t o r m i n a g i v e n c a t c h m e n t , and t h e a s s o c i a t e d problem o f " r o u t i n g " t h e e n s u i n g w a t e r t h r o u g h t h e c h a n n e l s and o t h e r s t o r a g e and a l t e r n a t i n g d e v i c e s a v a i l a b l e . The t i m e l a g s d i f f e r e n t i a l l y imposed o n t h e r a i n -i n d u c e d r u n -o f f by t h e n a t u r e o f t h e s u r f a c e and s u b s u r f a c e s o i l and i t s p e r c o l a t i o n p r o p e r t i e s i n v i t e t h e u s e o f g e o p h y s i c a l l y b a s e d models i n c o n j u n c t i o n w i t h t h e r e s o u r c e s o f c l a s s i c a l h y d r a u l i c s . Given t h a t t h e r a i n f a l l i n c i d e n c e i s s t o c h a s t i c , t h e w o r k i n g t e c h n i q u e s
i n s t a n d a r d u s e t e n d t o b e l a r g e l y e m p i r i c a l models o f a p a r t l y d e t e r m i n i s t i c a n d p a r t l y p r o b a b i l i s t i c n a t u r e . One i n t e r e s t i n g model [Nash ( 1 9 5 7 ) , ( 1 9 5 8 ) , ( 1 9 6 0 ) 1 t r e a t s t h e c a t c h m e n t a s a s e q u e n c e ( " c a s c a d e " ) o f l i n e a r r e s e r v o i r s , t h e o u t f l o w from e a c h c o n s t i t u t i n g t h e i n f l o w t o t h e n e x t . ( A " l i n e a r r e s e r v o i r " i s a c o n c e p t u a l s t o r a g e s y s t e m , from which t h e o u t f l o w i s a l i n e a r f u n c t i o n o f t h e q u a n t i t y o f w a t e r c o n t a i n e d i n i t . ) Moran (1967) and by A n i s , Lloyd and Saleem (1979) and o t h e r s .
S t o c h a s t i c l i n e a r r e s e r v o i r s have b e e n s t u d i e d by
S t o c h a s t i c models o f r a i n f a l l g e n e r a t i o n [Amorocho and Lloyd (1978) 1 and r u n -o f f [Weiss (1973) 1 a r e now b e g i n n i n g t o a p p e a r . I n t h e Amorocho model, r a i n i s produced by p r e c i p i t a t i o n c e l l s which come i n t o e x i s t e n c e a t random e p o c h s o n a s p a t i a l l y t h r e e -d i m e n s i o n a l P o i s s o n p r o c e s s ( i t s e l f moving a t u n i f o r m speed r e l a t i v e t o t h e g r o u n d ) , e a c h c e l l ' s r a i n -p r o d u c i n g c a p a c i t y growing s p a t i a l l y and i n i n t e n s i t y and t h e n d y i n g away.
I n i t s s i m p l e s t form t h e Weiss r u n -o f f model i s an a p p l i c a t i o n o f a f i l t e r e d P o i s s o n p r o c e s s t o t h e problem o f s i m u l a t i n g t h e hydrograph ( v i z . t h e r u n -o f f a s a f u n c t i o n o f t i m e ) g e n e r a t e d by a b r i e f c o n c e n t r a t e d r a i n s t o r m . The hydrograph t y p i c a l l y l o o k s l i k e a p o s i t i v e l y skewed p r o b a b i l i t y d e n s i t y f u n c t i o n
superimposed on a more o r less c o n s t a n t " b a s e f l o w , " t h e skew s h a p e r e s u l t i n g from a r a p i d i n i t i a l i n c r e a s e i n r u n -o f f v a r y i n g h e i g h t s o c c u r r i n g a t a p p a r e n t l y random epochs.
Weiss's " s h o t -n o i s e " model g i v e s t h e flow a t t i m e t a s t h e s u m o f p u l s e s o f t h e form 6 ( t , T m ) Ym-exp-b ( t -T m ) , t h e jumps Ym b e i n g i. i. d. e x p o n e n t i a l v a r i a b l e s and t h e i r epochs o f o c c u r r e n c e
Tm b e i n g g e n e r a t e d a s a P o i s s o n p r o c e s s .
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